We have recently found that, in vitro, the murine leukaemia virus (MuLV)-associated protein kinase activity predominantly phosphorylates Pr65 gag, a virus protein present in relatively small amounts in partially purified virus preparations. Other virus proteins, such as pl0, Pr27g~9 and Pr40g ~g, are also phosphorylated in vitro, but to a lesser degree. Furthermore, when immature core subparticles which are enriched in Pr65 gag are prepared from virions by Sepharose 6B exclusion column chromatography, about 50~ of the kinase activity (as assayed with the exogenous substrate phosvitin) remains associated with the cores. We report here that this core-associated activity is distinct from Pr65 gag since it can be separated from Pr65 gag by chromatography on denatured DNA-cellulose columns followed by centrifugation of the 0-2 M-NaCIeluted fraction. Under these conditions, Pr65g ag is pelleted while the kinase activity, which can phosphorylate both endogenous (MuLV Pr65 gag and pl0) as well as exogenous (phosvitin) substrates, remains in the supernatant. Interestingly, when the amount of Pr65 gag is reduced, as in such preparations, p 10 then becomes more heavily phosphorylated.
INTRODUCTION
We have been interested in determining what role, if any, the murine leukaemia virus (MuLV)-associated protein kinase (Strand & August, 1971) plays in virus maturation. This is because Naso et al. (1979) found evidence that the phosphorylation of Pr65 gag in vivo was correlated with a rapid cleavage of Pr65g a9 and suggested this was an important step in virion assembly. Our studies over the past several years have focused on in vitro cleavage of Pr65 g~g, the polyprotein precursor to the internal antigens p15, p12, p30 and pl0. We found that this cleavage could be accomplished in vitro by a virus-associated proteolytic activity (Yoshinaka & Luftig, 1977) and, furthermore, this in vitro cleavage was correlated with a morphological change of the virus core from an immature to a mature form (Yoshinaka & Luftig, 1977 . Consequently, could Pr659a9 be phosphorylated in vitro and, if so, how is its phosphorylation related to in vitro cleavage and virus maturation ? Our studies have led us to characterize partially the MuLV-associated kinase and study its association with Pr65 g~9.
METHODS

Viruses.
Rauscher leukaemia virus (R-MuLV) grown in chronically infected JLSV-9 mouse bone marrow cells and purified by zonal centrifugation procedures was generously provided by the National Cancer Institute (U.S.A.) under the auspices of Dr J. Cole, III. Moloney leukaemia virus (M-MuLV) was purified from tissue culture fluids of MJD-54 ceils (JLSV-9 cells chronically infected with M-MuLV) obtained from Dr K. Manly (Roswell Park Memorial Institute, Buffalo, N.Y., U.S.A.) . The cells were cultures in Dulbecco's modified Eagle's medium (DMEM; Gibco) plus 10~ foetal bovine serum (Flow Laboratories), and virus was purified by polyethylene glycol 6000 precipitation and sucrose density gradient centrifugation using established methods (Yoshinaka & Luftig, 1980) . t Present address: Department of Microbiology, Mie University School of Medicine, 174 Edobashi-2-Chome, Tsu, Mie, Japan 514.
0022-1317/83/0000-5072 $02.00© 1983 SGM Protein kinase assays. Protein kinase activity of intact virus, virus cores, Sepharose 6B column fractions and DNA cellulose column fractions was measured in standard reaction mixtures (0.1 ml) containing 20 mM-Tris-HC1 pH 8, 5 mM-MgCI 2, 10 mM-dithiothreitol (DTT), 10 ~tM-ATP, 10 to 50 ~tg of phosphate acceptor protein (a constant amount was used for each set of experiments) and 2 ~tCi [~,-32p ]ATP with a specific activity of 4.2 Ci/mmol (Amersham). When virus or core preparations were used, 1% (v/v) Nonidet P40 (NP40) was also present. With column fractions, reactions were initiated by addition of the fraction. All incubations were carried out at 37 °C for 20 min since this was the time needed for maximum incorporation of label. Reactions were terminated at 4 °C with addition of 20% (w/v) trichloroacetie acid (TCA) or at room temperature with 2 x concentrated electrophoresis buffer. In the former case, after a 10 min TCA treatment the aeid-precipitable material was collected on glass microfibre filters (Whatman GF/C), washed 10 times with 5 ml 5 % (w/v) TCA and dried. Alternatively, reaction mixtures were analysed by electrophoresis on acrylamide gels as described below.
Analysis of virus protein. SDS-polyacrylamide gel electrophoresis (SDS PAGE) was performed as described previously (Yoshinaka & Luftig, 1977 ) using a modification of the discontinuous method originally described by Laemmli (1970) . Usually, protein samples (5 to 25 ~tg) were suspended into 50 lal of sample buffer containing 0.0625 M-Tris-HCI pH 6.8, 1% SDS, 5 % 2-mercaptoethanol and 10% glycerol, boiled for 1 min and then applied to a 12.5 % polyacrylamide slab gel prior to electrophoresis. Gels were analysed either by staining with 0-25 % (w/v) Coomassie Brilliant Blue R or by autoradiography using dried gels exposed to Kodak X-Omat R film and amplified with a Dupont intensifying screen at -70 °C.
Sepharose 6B column chromatography of virus proteins. Purified M-MuLV (20 mg) was disrupted with 2% NP40 in 0.02 M-Tris-HC1 pH 8.5, 0.13 M-NaCI, 0.001 M-EDTA and 0.01 M-DTT (TNED). After 10 min at 4 °C the mixture (2.5 ml) was applied on to Sepharose 6B columns (1.5 x 90 cm) previously equilibrated with STE (0.13 MNaCI, 0.01 g-Tris-HCl, 0.001 M-EDTA) at pH 8.5 containing 0.01 M-DTT and 0.1% NP40. Fractions (3 ml) were assayed for both kinase activity and protein composition by using SDS-PAGE as described above.
DNA cellulose chromatography ofdetergent-solubilized MuL V. Purified virus (20 mg in 5 ml) was solubilized with 1% NP40 in 0-02 M-Tris HCI pH 8, 10% glycerol, 0-001 M-EDTA, 0-001 M-DTT and 0-05 M-NaC1. The material was loaded on to a calf thymus-denatured DNA~ellulose column (P-L Biochemicals) (1.0 × 15 cm) equilibrated with the same buffer, washed with 20 ml buffer, and then eluted with 15 ml each of 0.2 M-NaC1 and 1 MNaC1. In some cases only a 1 M-NaC1 elution step was used. The pooled fractions were dialysed against STE (pH 7-2) plus 0.01 M-DTT and concentrated by Sephadex G-200 to 5 ml (sample plus washing), 1 ml (0.2 M-NaCI) and 1 ml (1 M-NaC1) respectively. In some instances the last two samples were centrifuged at 10 000 g for 20 min and the precipitates were resuspended into 0.2 ml STE (pH 7.2).
RESULTS
In vitro phosphorylation of Pr65o°a-enriched virion and core preparations
Among the several MuLV proteins reported earlier to be phosphorylated in vitro by the virionassociated protein kinase was a species migrating on SDS-polyacrylamide gels at 74K (Strand & August, 1971) . We have recently shown by immunoreplica electrophoresis that this species probably corresponds to Pr65gag (the polyprotein precursor to p15, p12, p30 and pl0) and in our hands is the major species phosphorylated in vitro (Yoshinaka & Luftig, 1982) . We also noted in our study that in addition to Pr65 gag other virus proteins, corresponding in Mr position to pl0, Pr279a9 and Pr40 gag, were also phosphorylated in vitro. The degree of such phosphorylations relative to Pr659,9 varied among different virus preparations, with the band appearing at pl0 being the next most highly phosphorylated protein. This variability is evident when comparing Fig. 1 , where no pl0 phosphorylation was seen, with Fig. 4(b) , where a band at the pl0 position was phosphorylated to an almost equal degree with Pr659ag. This latter figure will be discussed in detail in the next section. However, in Fig. 4 (b) the amount of pl0 has been increased substantially relative to Pr65g"g (see Fig. 3 b) and this may account in part for the increased phosphorylation.
It is pertinent to mention here that the low-molecular weight phosphoprotein band migrating at the pl0 position on polyacrylamide gels (see Fig. 4b ) is indeed pl0 because: (i) other lowmolecular weight virus proteins are located in this region of the gel, and (ii) one of these other virus proteins, p12, is the major phosphoprotein found in virions after [32p]orthophosphate labelling of infected cells (Naso et al., 1979; Yoshinaka & Luftig, 1982) . Thus, we performed the experiment shown in Fig. 2 where an agarose overlay containing MuLV pl0 antiserum was applied to an SDS gel containing proteins that had been phosphorylated in vitro. the endogenous protein kinase. MuLV (100 ~tg) purified from harvest media of MJD-54 cells was added to a protein kinase reaction mixture (total 0.05 ml) as described in Methods except that 10 ~Ci [7-32p]ATP (sp. act. 3000 Ci/mmol; Amersham) was used. The reaction was run at 37 °C for 30 rain and then analysed on a 15~o SDS-polyacrylamide gel. Following electrophoresis the gel was soaked in phosphate-buffered saline (PBS) for 15 min and then overlaid with 0.6~ agarose containing a 1 : 10 dilution of anti-pl0 goat serum (obtained from the NCI Office of Resources). The gel and overlay were kept in a moistened chamber at 37 °C for 20 h. The agarose overlay was then dried and exposed to X-ray film to detect radioactive bands. (a) Coomassie Blue-stained gel after electrophoresis; (b) autoradiogram obtained from the agarose overlay. As a control, agarose mixed with normal goat serum was overlaid on another lane of the same slab gel. The background intensity in the p 10 region using this control was 20~ of the intensity of the ppl0 band shown in (b). Corresponding agarose overlays with p12, p15 and p30 antisera, when corrected for background, did not show any band corresponding to ppl0.
located at the pl 0 position, as well as bands at Pr40 gag and Pr65 gag, were able to be transferred to the agarose (Fig. 2 b) . Similar application of MuLV p 12, pl 5 or p30 serum, as well as normal goat serum, in agarose overlays did not lead to visualization of a band at the pl0 position. Thus, MuLV pl0 and Pr65 gag can be highly phosphorylated in vitro by the MuLV-associated protein kinase. As already mentioned earlier, when extracts enriched for immature cores are incubated in vitro under protein kinase assay conditions Pr65 g~g is the major protein species phosphorylated. Since the similarly sized avian src protein kinase pp60 sro (Erikson et al., 1979) is also virionassociated (Bunte et al., 1981) , we wondered whether Pr65 gag itself possessed protein kinase activity. Thus, using differential column chromatography, we attempted to separate Pr65 gag from other virus proteins in an NP40-treated virus extract. By using Sepharose 6B column chromatography and then assaying each fraction for kinase activity with the exogenous substrate phosvitin, we found that about half of the activity was in a soluble form (Mr =< 60000) while the remainder of the activity was contained in the void volume fractions (Yoshinaka & Luftig, 1982) . These void volume fractions were highly enriched (about 80 ~) in Pr65 gag relative to p30 (Fig. 1 c) , and when examined in the electron microscope, contained predominantly immature cores. In vitro phosphorylation and SDS-PAGE analysis of the void volume fractions showed, as expected, that a band migrating at the position of Pr65 gag was predominantly phosphorylated (Fig. 1 d) . Since, by immunoreplica electrophoresis, this band, as well as that seen in Fig. 1 (b) , possesses the antigenic determinants of p15, p12, p30 and pl0 (Y. Yoshinaka & R. B. Luftig, unpublished data), it is most likely Pr65 gag. Thus, we can say that a major part of the MuLV-associated protein kinase activity remains tightly associated with Pr65gag-containing moieties during separation on Sepharose 6B columns. However, based on the above results we cannot determine whether the kinase activity is a component part of the Pr65 ~a~ polyprotein population or is another protein that has a high affinity for Pr65g~g-enriched immature cores. In order to distinguish between these possibilities, we attempted to separate Pr65 gag from the virion proteins by another column chromatographic procedure.
DNA-cellulose column chromatography to separate Pr65g°g from the MuL V-associated kinase activity
We decided to use this method because Pr65 gag present in virus-infected cell extracts binds to DNA-cellulose columns (Oroszlan et al., 1976) . Specifically, virus solubilized in l~ NP40 (TNED buffer plus 10~ glycerol) was placed on to a denatured DNA~ellulose column and washed extensively with TNED buffer. This provided the pass-through fraction representing material that was not tightly bound to the column (Fig. 3a) . Elation of the bound material was then performed with 1 M-NaC1 (Fig. 3b ) and we found, as expected, that Pr65 gag and pl0 (the most basic charged protein of the virus) were the major elated virion proteins. The protein of Mr = 75K seen in Fig. 3(b, d) appears to be of cellular origin since it is present in variable amounts among different virus preparations and does not cross-react with virus antisera against pl0, p 12, plS, p30, gp70 or reverse transcriptase (Y. Yoshinaka & R. B. Luftig, unpublished observations). The I M salt-eluted fraction was then dialysed against STE buffer (pH 7-2) plus 0.01 M-DTT. When it was concentrated 10-fold to 1 ml, this Pr65g~g-enriched suspension became turbid. Based on our prior experience, we suspected that this represented immature particle formation. Thus, we centrifuged the concentrated material at 10000 g and indeed found that more than 95 ~ of Pr65 gag was pelleted (Fig. 3 c; compare with supernatant fraction of Fig. 3 d) .
The same results could be obtained if0-2 M-NaC1 was used instead of 1 M-NaC1 as the initial salt elution step for the DNA-cellulose column. In further experiments we used a protocol where 0.2 M-NaCI was the initial salt elution step and this was followed by elution with 1 M-NaCI to remove any residual bound protein.
Using the protocol established above, we then obtained a series of DNA-cellulose columneluted fractions, subjected them to in vitro incubation with [~-32p]ATP and assayed by SDS-PAGE for phosphorylation of specific proteins. We found: (i) the pass-through fractions obtained by washing the column with buffer alone exhibited relatively little kinase activity (Fig.  4 a) ; (ii) the 0.2 M-NaCl-bound fractions contained essentially all of the kinase activity (Fig. 4 b) . are as in Fig. 3 except that 0-2 M-NaC1 was used as the initial salt elution step. Then, a further wash with 0.2 M-NaCI, followed by a 1 M-NaCI elution step, was used in an attempt to remove any residual kinase activity. All fractions (10 ml) were concentrated 10-fold with Sephadex G-200 before dialysis against STE (pH 7-2) plus 0.01 M-DTT, and then incubated with the protein kinase standard buffer and analysed as in Fig. 1 . Markers indicate the protein positions from Coomassie Blue-stained gels. Autoradiography was as in Elution with additional 0-2 M-NaC1, or subsequently with 1 M-NaC1, did not release significant amounts of protein and/or kinase activity (Fig. 4c, d) . As mentioned earlier, we note from Fig.  4 (b) that the kinase bound to the column and eluted with 0-2 M-NaC1 phosphorylated not only the endogenous Pr65 ~ag but also the increased amount ofpl0 present in this fraction (see Fig. 3b for equivalent fraction stained with Coomassie Blue). The relative degree of phosphorylation of Pr65 gag to pl0 varied from one preparation to another. As above, we also noted that when the Pr65gag-containing salt-eluted fraction was dialysed against STE (pH 7.2) plus 0.01 M-DTT buffer and then concentrated 10-fold, it became turbid. We then subjected this material to centrifugation as in Fig. 3 (more than 95 ~o of the Pr65 g"g was pelleted) and assayed the pellet and supernatant fractions for endogenous protein kinase activity. Activity was only found associated with the supernatant fraction ( Fig. 5a ; compare with Fig. 5b) . Thus, it is clear that the kinase activity is not Pr65 ga~. Some recent studies in our laboratory suggest that, on molecular sieve columns of lower exclusion limits than Sepharose 6B columns, the kinase appears to elute as a protein of Mr about 30K (Y. Yoshinaka, R. Shames & R. B. Luftig, unpublished observations).
Partial characterization of the soluble MuL Voassociated kinase activity
Thus far, we have examined the MuLV kinase activity associated with immature cores (Fig.  1 c) . However, as stated earlier, when NP40 detergent-solubilized MuLV was separated on Sepharose 6B columns using [~,-32p]ATP and the exogenous substrate phosvitin was used to assay for activity, about 50~ of the protein kinase activity was observed at the low-molecular weight region of the column (Yoshinaka & Luftig, 1982) . To learn more about this low-molecular weight activity, several fractions containing it were pooled, concentrated and assayed under endogenous substrate reaction conditions. As shown in Fig. 6(b) , pl0 was predominantly phosphorylated; pl0 and p30 are the major endogenous proteins in these fractions (Fig. 6a) . When this pooled material was loaded on to a DNA-cellulose column and eluted as described earlier (see Fig. 4 ), we again found that the pass-through fraction showed no endogenous kinase activity (Fig. 6c) , while the fraction eluted with 0.2 M-NaC1 possessed almost all the activity (Fig. 6d ). Further elution with 1 M-NaC1 again eluted little if any additional activity (Fig. 6e) . The same pattern of kinase activity was observed when 10 pg of the exogenous substrate phosvitin was added to these fractions (Fig. 6fto i; compare with b to e). All of these results thus suggest that the same kinase activity may in part be associated with immature cores and in part be released by detergent into the low-molecular weight (Mr < 60000) fractions of the Sepharose 6B column.
DISCUSSION
We have recently found that Pr65g"% the uncleaved polyprotein precursor to the MuLV groupspecific antigens which is present in MuLV preparations as a relatively minor protein component, was the most efficiently phosphorylated protein labelled in vitro by the MuLVassociated protein kinase (Yoshinaka & Luftig, 1982) . This Pr65 gag phosphorylated band probably corresponds to the 74K band seen by Strand & August (1971) .
We also found in vitro that the kinase activity could be tightly associated with immature core subparticles which are enriched in Pr65 g"g (Yoshinaka & Luftig, 1982; this paper) . This may be related to its function in vivo, namely phosphorylating Pr65 gag so as to initiate rapid cleavage of Pr65 g~ by the MuLV-associated proteolytic activity (Naso et al., 1979) . Furthermore, we report here that the immature core-associated kinase activity could be dissociated from Pr659~Q by DNA-cellulose column chromatography followed by differential centrifugation procedures. This indicates that although the kinase is physically associated with immature cores it is distinct from Pr65 g~g. Finally, we note that it is predominantly the acidic protein residues, namely those coming from MuLV pl 2 (Oroszlan & Gilden, 1980) , which are being phosphorylated both in vivo and in vitro on Pr65 gaQ (Naso et al., 1979; Yoshinaka & Luftig, 1982) . This is consistent with our observation that phosvitin, an acidic protein, is an efficient exogenous substrate for the kinase activity. 2) plus 0-01 M-DTT and concentrated 10-fold before centrifugation at 10000g. The pellet was resuspended in 0.2 ml STE (pH 7-2) plus 0-01 M-DTT. Then, 20 ~g fractions of the pellet and supernatant fractions were incubated with [y-32p]ATP (2 p-C0 under the above described protein kinase assay conditions in a total volume of 0-1 ml, and 50 gl samples were taken for SDS-PAGE analysis. Lanes (a) and (b) are the autoradiograms of these gels for the supernatant and pellet fractions respectively. Fig. 6 . In vitro phosphorylation by the low-molecular weight kinase activity eluted from Sepharose 6B
columns. M-MuLV was originally disrupted with 2~ NP40, loaded on to a Sepharose 6B column and eluted with STE (pH 8-5) plus 0.01 M-DTT buffer, and 3 ml fractions were collected. Fifty ~tl of each fraction was incubated with 2 ~tCi [y-32P]ATP in the kinase assay and then analysed by SDS-PAGE. After staining and destaining, the gel was dried and visualized by autoradiography using an intensifying screen at -70 °C for 2 days. The major peaks of kinase activity were observed to be located in the void volume and the low-molecular weight region (Mr < 60000) of the column. The same result was found when R-MuLV was used (Yoshinaka & Luftig, 1982) . The low-molecular weight region (Mr < 60000) fractions were pooled, concentrated 10-fold and layered on to a DNA-cellulose column as in Fig. 4 . (a) Coomassie Blue-stained SDS-PAGE pattern of this material. After elution from this column, the fractions were pooled, concentrated and dialysed again as described in Methods. The protein kinase activity was determined as above using either the endogenous (EN) MuLV pl0 present in the lowmolecular weight region as substrate or addition of exogenous (EX) phosvitin (10 ~tg) to the assay (phosvitin has an Mr of about 34000). We have also found that when Pr65 gag is present in diminished amounts, pl0 (a basic protein) can serve as an efficient substrate for the kinase. At present, the reason for this is not clear. We do note, however, that there is a substantial number of acidic amino acid residues on pl0 (Long et al., 1980) , so it is possible that some acidic regions on this otherwise basic protein are involved as kinase recognition sites. Furthermore, we have observed that the immature core-associated and low-molecular weight protein kinase activities isolated on Sepharose 6B columns exhibited very similar DNA-cellulose column chromatography elution profiles. Thus, it is likely that the activities represent the same enzyme. Therefore, the MuLV-associated kinase can be present in two physical states within virions, i.e. associated with or separated from Pr65 ga0.
As for speculating what function(s) the observed MuLV-associated kinase activities may have, there are several possibilities. (i) The phosphorylation of p 12 sites on Pr65 g~g could cause a conformational change of the polyprotein so that potential cleavage sites become exposed. This would then lead to a rapid cleavage of Pr65g ~g (Naso et al., 1979) and concomitant conversion of immature to mature cores (Witte & Baltimore, 1978; Yoshinaka & Luftig, 1978; Lu et al., 1979) .
(ii) The observed phosphorylation of pl0 may reflect yet another function, i.e. it may be related to the uncoating of mature cores since, in some preliminary studies, we have observed in vitro that after phosphorylation of mature cores there is an opening of the core shell concomitant with pl0 phosphorylation (Y. Yoshinaka, R. Shames & R. B. Luftig, unpublished observations). Further experimentation is needed to explore these postulated functions. If the preliminary observations are verified, it is possible that MuLV-associated kinase plays a multifunctional role in the retrovirus life cycle.
